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ABSTRACT

Tais report is a study of the effect of changing meteorological con-
ditions on the sonic botm produced during steady level flight. The
influence of variations in atmospheric temperature, pressure, and wind

5 on this noise are investigated. Simplified methods are established for
estimating the effect of these variations. Coumbinations of meteorological
conditions which can produce anomalous propagation such as complete cut.-
off, focusing, and extreme lateral spread are discussed. The effect oIl

r’ air turbulence near the ground is considered. A number of comparisons

with test data measured at Oklahoma City (1964) are presented, and recom-
mendations for additional experimental and theoretical work are outlined.
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SECTION I INTRODUCTION

It has been recognized for a number of years that the sonic boom gen-
erated during supersonic flight would be an important factor in the design
‘and operation of a commercial supersonic transport airplane. Accordingly,
research into the factors which effect the sonic boom have been actively
pursued by industry and government agencies. Methods for predicting the
influence of the airplane configuration have been established, and are
well substantiated with both flight test and wind tunnel data. This ap-
proach however, is valid only in a homogeneous atmosphere with constant
meterological properties between the airplane and the ground.

Until now, considerably less research has been devoted to developing
an understanding of how an ..rplane's shock waves propagate through non-
uniform atmospheric conditions. Some methods of analysis have been
based on aczoustic propagation through nonmniform temperaturs regions.
Although this 1s acceptable for predicting shock-wave locations and pat-
terns on the ground, this approach ylelds little useful information about
the shock wave strength under, and to the sid: of, the fiight track.
Various correction factors such as the square root of the ratio of the
ambient pressure at the ground to that at the 2irplane ,\/Pg/Pa, have been
used to account for the effect of the variation in atmospheric properties
between the airplane and the ground. These are based on approximate
analysis of acoustic waves.

A more detalled approach to the problem was taken in Ref. 6. In this
work the shock waves were assumed to propagate at velocitles dictated by
their strength, and the effect of pressure, temperature, and wind shear
along the path of propagation was taken into account. An additional
value of this approach is that it allows solutions of the shock wave
strength in regious of focusing where the acoustic theory predicts totally
unyeal values. This work is expanded in Appendix II. It was also pro-
grammed for a digital computer (Refs. & and 83). The latter computer
program 1s available from NASA.

The theory and method of Refs. 6 through 8 have been used in this
report to predict variations in overpressure vhich would occur with
variations in the atmospheric properties between the airplane and the
ground. The purpose of this effort was to determine if variation in
atmospheric properties could significantly influence the boom as it
propagates between the airplane and the ground. Simplified methods for
estimating the effect of such varlations are established, and are sum-
marized in Appendix VIII. Comparisons with experimental data are shown
and recommendations for future work are also outlined.

The study was divided into investigations of the effects of variations
of meteorological conditions in the atmosphere, and the effects of local
turbulence. It has been found that:
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e Variations in temperature, wind, and pressure can influence the
boom strength on the ground.

® Varlations in temperature and wind can influence the lateral distri-
bution of the boum to the side of the flight track.

¢ Variatiuns in temperature and winds can cause anomalcus propegation
such as complete cut-off (no boom heard on the ground), focusing
slocal intensification of boom strength), or extreme lateral spread
nc cut-off to the side of the flight track).

e The above effects are significant only at Mach numbers below 1.3.

e Local turbulence may change the shape of the pressure wave on its
way to the ground.

A number of horizontally stratified model atmospheres have been in-
vestigated., The results of the investigation have indicated that for
flight at Mach numbers above 1.3 the largest influence of changing
meteorological conditions on the sonic boam overpressure is generally no
more than about 15 percent fram that geaerated in the still (no wind)
standard atmosphere. For flight at Mach numbers between 1.0 and 1.3 the
meteorclogical conditions between the airplane and the ground may result
in more significant variations in the overpressure. The effect of tem-
perature variations from the standard temperature-height curve, and of
various winds is shown in Fig. 1. These results are typical of the type
found throughout the investigation.

103 j ] T T T T 7 LR AL LRI LR 1
i B! {EFFECT OF TEMPERATURE
— M2 COMPLETE A TEWPERATURE HIGHER THAN ZEcas
m I+ STANDARD ON GROUND =
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0.8 ) TS NE NSNS
0 19 20 30 19
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2 1 B eaNARD G HEADNIND
3 FF 8 ANNER TR it
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Fig. 1 Effect of Temperature and Winds on Sonic Boom Overpressure.
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The figure shows that for Mach numbers less than 1.3, temperatures
lower than standard at the ground gererally reduce the overciessure,
vhile Ligher temperatures generally increase the boom. For physically
real conditions, this variation may be as much as %15 percent at Mach
1,2, For Mach numbers less than 1.3, headwinds generally increase the
boom while tailwinds and sidewvinds decrease it. Winds may cause vari-
ation in the overpressure from that in a still atmosphere (no wind) of
as much as *20 percent at Mach 1.3.

Winds may also cause the overpressure, at the lateral cut-off, to be
higher than that under the flight track for these low Mach numbers.
However, the situation in thls case is not fully understood becaus~ this
phenomena accompanies cut-uff where the shock front is locally normal to
the ground. This precludes a reflection of the wave from the ground and
the normal doubling of the free air overpressure assumed in most calcula-~
tions (see Section III.D.1). Finally, winds umay cause lateral distri-
bution of the boom over much wider areas than normally predicted. This
phencmena may occur at all Mach numbers., However, it need cause little
concern for two reasons. First, the overpressure in the extended region
drops off quite rapidly with distance. Second, it cannot occur if the
airplane flies at altitudes above those where maximum winds exist. The
contemplated supersonic flight altitudes for the supersonic transport
ere generally above these maximum winds.

The influence of local turbulence seems to be that of a distorting
mechanism which deforms the incoming pressure signature on its way to
the ground. 1Initial efforts to describe the deformation process were
not successful, but the development of a more sophisticated approach is
continuing. This work i1s presented, and the proposed steps for the
campletion of the theory are outlined. Present indications are that
interactions of the shock waves with certain turbulent "eddies" result
in a scattering of small portions of the incident wave energy to other
parts of the wave, This process would lead to rounded signatures at

some points on the ground =24 spiked (or very sharp peeks) signatures
at others.

A limited amount of the measured data from the Oklahoma City flight
test series was analyzed statistically. To avoid normalizing the dats,
the analysis considered data measured using the F-104A airplane, flying
at Mach 1.5 at an altitude of 28,000 feet, at times when the cloud cover
was less than 3/10. The observations were grouped for times near 0700,
0900, 1100 and 1300 Central Standard Time. Results from this work in-
dicated that the important scattering parameters are the angle of the
path of propagation of the shock wave, and the time of day (as related
to the turbulent intensity). The data indicates that the upper and
lower bounds of the overpressure of the front shock of a deformed pres-
sure signature are respectively 2.0 and 0.3 times that for the undeformed

measured)signature. (The shapes of these signatures are indicated in
Fig. k2,
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SECTIONII EFFEC IS OF VARIATIONS IN ATMOSPHERIC PROPERTIES

Considered in {his section, are the effects o!' various horizontaily
stratified atmospheric models on the sonic bcom produced in steady ievel
flight. The results are presented in two 'categories; i.e.,"effects of
the standard atucsphere, and effects of variations from the standard ate
mosphere. Consideration of these effects leads to simplified prediction
o® tue influence of variations in atmospheric properties on the sonic
voom and, in moct cases, will make use of a computer program unaecessary
for routine ectimates ol the boom strength. Special cases such as cute
off, focusing, etc. are considered in Section III.

(A) STANDARD ATMOSPHERE - The U.S5. Standard Atmosphere, 1962 (Ref.
1), which forms the basis for calculations of the performaace character-
istics of any airplane configuration, has been used to establish the
besis of the meteorological effects on the sonic boom. This model is
representative of the mean atmospheric properties prevalent in the mid-
latitudes. Boom strengih, distribution, and extent on the ground has
beern established for -‘he standard model.

(1) Sonic Boe a Under the Flight Track - To predict the sonic boom
strength in a noracmogeneocus atmosphere the Whitham theory (Ref. 2) hus
been m>dified to account for propagation of the shock wave through a
region of varying density. The correction factor used, which yielded
relatively close ugreement with test data, wne a geometric mean pressure
given vy Vl)a Pg  (Refs. 3 through 5). This factor was used.to re-
place the homogeneous ambient pressure used in the Whitham equation for
the boom strength under the airplane. The Whitham equation may be
written as shown below:

2 1/8 1/4
AP, =KD Mh—a—/‘l) (3+1)T/z [fovo F(Y.O)dY] 1/2 Eq (1)
where
" = Oround reflectivity factor

Pn = Ambient pressure at airplane

h = Airplane distance above ground

M = Airplane Mach number

Y = Ratio of specific heats (1.4 for air)
JC% FIY. ridY = I(Y’ 9) - functior of airplane geometry and lateral

location of the observer (Ref. 2)

A2t
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To account for sonic boom propagation through the atmo-
sphere, a fattor may be applied to this equation vhich is a function of
the atmospheric propérties, namely ambient prussure, P , and temperature,
T , airplane Mach mmber, and height above the ground. For 6 =-—90°,
f.e. under the flight track, Eq. (1) becomes:

= M=)V 2y Capn ]2
AR e o1, na= K(PT.MH) K, P, L (Y+1)‘7’J[l(y°’ 90 )]

=K(PT.MH) AP, ...

Specializing this for the properties in the standard
atmosphere:

AF,... o reck— K(MH) AP, Eq (2)

Whlthnn= KA APWM-

The factor K,-i1s a function of airplane height above the
ground and Mach number in the Standard Atmosphere. The variation of this
factor was calculated by the method given in Refs. 6-8 and is shown in
Fig. 2 for the ground d at sea level. It is co th the usu-
al correction factor g/Pa. (This is equivalent tomv aPg vhen multi-
plied by the Pa fram Eq. (1).)

It can be seen that K,and \/Pg7Paa.re very close at the
lowe.* altitudes which acccunts for the agreement with the early flight
test uata.

Location of the ground above mean sea level will affect
the variation of K, with height above the ground. This is primarily
due to the change in ambient pressure at the ground from that at sea level.
Curves, similar to those in Fig. 2, have bLeen prepared for the standard o
atmosphere with the ground located at 2000, 4000, and 6000 feet above
mean sea level, These curves are presented in Appendix I and may be
used vwhen the boam is being calculated for arees which are above mean
sea level,

Each time the atmospheric properties vary fram those in
the standard atmosphere, the variation of K (P, T, M,H) with Mach
number and height above the ground changes. Generation of a number of
charts similar to Fig. 2 for every conceivable variation would be a
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Fig. 2 Amospheric Correction Foctor for U. S. Standard Atmo sphere, 1962.

huge task of little value, in that numerous possible combinations exist.
The problem of accounting for small variations from the standard atmos-
phere is covered in Section II.B.

(2) Lateral Distribution of Boom Strength — The lateral distribution of
sonic boom strength, as given by Whitham (Ref. 2) varies inversely as
the 3/4 power of the distance from the airplane to the point of the ob-
server on the ground. In many cases the airplane configuration is such
that the lateral variation of boom strength i1s also dependent on the

variation of I(Y,, 6) with . The combination of these effects is given
below:

_ H 13/ I(Yo,o ) que
AP= Apunder fit. track [B] [I (Yo' —90°)




where
H = airplane altitude
D = distance from airplane to observer at lateral distance Y from
flight track = (H2+Y2)1/2

02 - tan’l (H/Y)

Rearranging this expressior so that the right side is independent of the
airplane gecmetry:

AP IY,, —8072 [ 12]-m Eq. (3
Apundornt. tmk[ “Y,,.a) - 1+(H) ! ( )

The variation of boom strength with lateral distance, as
computed by the method of Refs. 6-8, is shown in Fig. 3 compared to the
prediction obtained by using FEq. (35 :

This comparison shows that agreement with Eq. (3) 1s quite
close. The maximum differences are less then 10 percent and are con-
fined to the very low Mach number points (Mg 1.2).

The above results indicate that in the standard atmosphere
the variastion of boam strength with lateral distance may be very closely
approximeted by Eq. (3) with A Punser rie. trex being obtained by the
methods of Section II.A.l. The lateral distribution of sonic boom

strength predicted by this methnd should be suitable for most routine
calculations.

1.6 T 1Tt 17711
STANDARD ATMOSPHERE
14 NO WIND
N °M=§‘8 H=;g,888n
— A g ]
= 1 v 30 5.0
-3 O 25 56000
l. <« 1.0 (0] 1.8 55,000
o e S b pa
LT R ® 12 42000
T ~
206} =
B ameLane )
4| g5,
ow Uus r T 11 T
& o -
<L g | [1+(Y/H)2] 8 1
I Y
0 4 J s . A 1
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Fig. 3 Variation of Boom Streng?’i with Lateral Distance for U. . Standard Atmosphere, 1962.
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(3) Lateral Extent of Boom Strength - Temperauvir: ardiations in the at-
mosphere will cause the rays, describing the path o the shock wave from
the airplane to the ground, to be distorted. Under suie circumstances
certain of these rays will not reach the ground but will %+ rofracted
back into the atmosphere. It i1s possible to determine mathes:tically
the lateral extent of the boum by determining the lateral locati: n of
the last ray to reach the ground. This has been done by specifying that
the direction cosine of the shock front at the ground vhere lateral cui-
off occurs is equal to unity. The location of the lateral cut-off in
the standard atmosphere for the ground at mean sea level is shown in
Fig. 4 for various airplane Mach numbers and altitudes.

. /————FLIGHT PATH s
i STANDARD ATMOSPHERE
o NO WIND
= q GPOUND AT MEAN SEA LEVEL [ 3=
- : St = =
E i 0 Y e
= n CUPﬁfT ’;::E:;r‘—_;.—dr———r—
(-] -
g —={ LATERAL EXTENT , /ﬂ — w12
= 34 ot -
2 ot
-— i
[V¥]
5 1]
0 s —— “-‘.2
2 10
[V¥]
b
3
| 0
0 10 2 E 0 50 60 70
ALTITUDE - 1000 FT

Fig. 4 Lateral Location of Sonic Boom Cut-Off in U. 5. Standard Atmosphere, 1962,

Details of the calculations and a general equation for the
determination of the lateral location of cut-off on the ground for a
general atmosphere are given in Section II.B.6.

The location of the lateral cut-off point defines the point

4 at which the shock front begins to degenerate. Beyond this point noise
may be heard as a low rumble. Data from the Oklahoma City flight tests,
for instance, indicate that the pressure-time trace recorded beyond the
lateral cut-off location is similar to a sine wave. There is no evidence
of the sharp pressure rise which is produced by a shock. Thus, beyond
the location of lateral cut-off the shock front has degeneiated into
something similar to an acoustic noise front. This is illustrated by
comparing the pressure-time records reproduced in Fig. 5.
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Fig. 5 Pressure~Time Traces Neor Lateral Cut-Off.

At the present time there are no data which indiecate the
rate at which the acoustic noise decays to zero, but the maximum pres-
sure difference above the local ambient pressure is quite small and the
pressure rise time is quite large. This should cause little annoyance.
For practical purposes, then, the lateral cut-off location would define
the houndary of shock wave noise which would be produced by a supersonic
airplane.

(4) Routine Calculation of Sonic Boom in the Standard Atmosphere — Once the
airplane geometry inputs, I'(Yo,0), (see Eq. (1)) have been esteblished
for each altitude and Mach number of interest, routine calculations of
sonic boom strength, lateral distribution, and lateral extent for steady
level flight in the U. S. Standard Atmosphere, 1962 may be obtained in
the following manner:

(a) Compute AP e f1¢. treex|from Eq. (2) and Fig. 2
for each Mach number and altitude.

(b) Compute lateral distribution of the boom strength from
Eq. (3) for each Mach number and altitude.

(c) Obtain the location of lateral cut-off fram the curves
in Fig. 4 for each Mach number and altitude, and terminate the lateral
distribution of boam strength at this point.

The above method is represented schematically in Fig. 6, and may be
used for M 2 1.2 with relatively good accuracy.

(B) VARIATIONS FROM STANDARD ATMOSPHERE — Variations in temperature,

pressure, and wind in the atmosphere will produce variations in the sonic
boom strength received at the ground. The effect of some typical changes
in atmospheric properties from those in the standard atmosphere model

are considered in this section. Methods of approximately accounting for

these influences are presented, and where approximations are not possible
the importance of the resulting effects are discussed. In most cases
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involving routine calculations it is possible to make estimates of the
boom strength, lateral distribution, and lateral extent without using
complex computer calculations,

L LT T TTT T T TTT T TSTANDARD ATMOSPHERE '
/1=AP UNDER FLT TRACK_____| NO WIND, ALT=H
A-— EQ(D) MACH NO.=M
! 1 p— R e
I |
7 LA
LATERAL DISTRIBUTION-
'“---.¢~ EQ(3) 1
‘.h.‘\"
e
Q. -
4 7
LATERAL CUT-OFF
FIG 4 ;
!
i
0 ]
0
LATERAL DISTANCE

Fig. 6 Routine Calculation of Sonic Boom in U. S. Stendard Atmosphere, 1962.

(1) Temperature - Atmosphere temperature variations between the
airplane and the ground will cause the ray path, which describes the
motion of the shock wave through the atmosphere, to be deformed. 1In
general, increasing temperatures along the path of propagation (negative
lapse rates) will cause the ray to bend up while decreasing temperatures
(positive lapse rates) will cause it to bend down. This distortion of
the ray path will influence the boor .strength received on the ground.

The effect of temperature variations, on the boom strength under the air-

plane, have been studied for a number of model atmospheres. These models

(Refs. 9-16) characterize the following meteorological conditions:

® Various tropopause heights and associated temperature gradients.

e Temperature inversions near the ground caused by nocturnal radiation,
snow cover, and coastal stratus.

e Multiple temperature inversions due to mixing and advection.

e Frontal temperature inversions.

® Combinations of the above.

They are summarized in.Fig. 7, which shows the standard
atmosphere, for reference.
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The effect of these variations on boom strength was studied
in each temperature model. It was found that the temperature effect was
primarily a function of airplane Mach number and the ratio of the abso-
lute temperature at the airplane to that at the ground. This is illus-
trated in the summary of the calculated data shown in Fig. 8. To better
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Fig. 8 Effect of Temperature Yariations on Sanic Boom Produced Under the Flight Track.
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display the variation in boom strength, the overpressure produced under :‘:-
the airplane in each atmospheric model has been divided by the overpres- N
sure generated in the standard atmosphere for the corresponding Mach Al
number and altitude. \

",
The data presented in Fig. 8 indicate that significant N
changes in the overpressvre, caused by temperature variations from the Y
standard atmosphere, are mainly confined to the Mach number range between g
that required.for complete cut-off (no boom heard on the grourd) and ;:f
about Mach 1.2. For Mach numbers greater tharn 1.2 the effect is rela-
tively small. The influence of temperature variations for Mach 1.2 is "
shown in Fig. 9. This figure presents the data shown in Fig. 8 for Mach Q
1.2, plotted against the airplane Mach number based on the speed of sound &
at the ground,Mg (M_g- Ma,/a, = M(T./T‘)l/2). ‘:
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When the airplane Mach number is less than or approximately 2
equal to 1.2 extreme care must be used in estimating the boom strength y
generated under the airplane. Because all the meteorological factors in- il
volved may significantly affect the boom strength, simple approximations »
are not possible in most cases. A more complete discussion of these N
effects in the low Mach number range is given in Section III. However, )
for routine analysis it may be possible to approximately estimate the .
effect of temperature variations on the boom strength by referring to )
Figs. 8 and 9. The change at Mach 1.2 would be estimated from Fig. 9 h
and the variations for the rest of the Mach number range would be esti- nd
mated from Fig. 8. As the variations in boom strength for Mach 1.5 do {
not usually exceed 12 percent, the effect of temperature in this range W
might be neglected for routine calculations. :Q
(2) Pressure -  Pressure variations between the airplane and X
the ground will influence the bhoom intencity received on the grourd.

Investigation of the equations describing the propagation of a shock wave !
through a nonhomogeneous horizontally stratified media (Refs. 6 and T7) \
indicate that the influence of small variations from an established pres- '
sure-height curve can be described by a relationship between the ambient \
pressures at the airplane and the ground. If the established pressure- b

height curve is taken as the one for the standard atmosphere the influence
of variations from it can be estimated from Eq. (4). (This equation is ¥
developed in Appendix III.) W
[ﬂ
“
P 172 1/4 . ")
3B =[ei-]" [& 2. (4) ¢
std. (Pgly. (Pa)y,, .
press./ under &
fit. track :i:
vhere d
.Q
2
Pg = Ambient pressure at ground in model h
(Pg),., = Ambient pressure at ground in standard atmosphere "
(]
)
Pa = Ambient pressure at airplane (tapeline) altitude 5
o
)
(Pa) , = Amblent pressure in standard atwosphere at airplane 3
' (tapeline) altitude N
The influence of pressure on sonic boom strength is indepen- f
dent of airplane Mach number. This is because the path of propagation X
(1.e. the ray path) is primarily a function of the temperature variation "
and airplane Mach number, and is generally independent of the pressure ’
variation in the atmosphere. !
This expression has been checked by making a number of com- ;

parisons with results obtained using the method of Refs. 6-8. The v
atmospheric temperature models shown in Fig. 7 were used for the compari- ;
son. First, the sonic boom was computed in each model assuming the U.S.
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Standard Atmosphere, 1962 (Ref. 1) pressure-height curve. Boom strength
was then recomputed assuming a pressure-height curve which was developed
by using the hypsometric equation for each temperature model (Ref. 17).
These two results were then ratioed to obtain the effect of pressure
variatiocns from the standard pressure-height curve on the sonic boom,

i.e., (AP/ Aps:" ) moer . The couparison between Eq. (4) and

the computed results is shown in Fig. 10, for each group of temperature
models.

These data show that agreement between Eq. (4) and the com-
puted results is quite close. This equation should be adequate to allow
estimation of the effect of normal pressure variations, from the standard
atmosphere, on the sonic boom produced under the flight path.

(3) Combined Temperature and Pressure - Variations of both
temperature and pressure, in the atmosphere, will affect the strength of
the sonic boom received on the ground. The influence of these variations
on the sonic boom is a function of airplane Mach number, altitude, and
atmosphere thermodynamic properties. In Section II.B.l it was observed
that the influence of temperature variations from the standard teupera-
ture-height profile was a function of airplane Mach number, altitude,

and the absolute temperature profile. This could be put in the function-
al form:

AP —
( AP, )w., = K(M,T,H)
temp.” Qit. track

Furthermore, it was observed, in Section II.B.2, that the
effect of pressure variations from the standard pressure-height profile

was primarily a function of that profile and airplane altitude. This
could be put in the functional form:

AP _
(1%, ), = P
press. Ot. track

The combined effects of pressure and temperature variations
from the standard atmosphere can be obtained by the product of the abovea
two functional quantities.

'ru
'F‘
‘l
3

U

- "

Specifically, if the first of these functional quentities is
noted as Kr(temperature correction factor) and the second is put in the
form given by Eq. (4), the product of these is:

AP _ pE 21 p o 1/4
( Apwi-)under KT [(Pg)m_] [( Pa)s,,,_]

fit, track
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Thus, for a nonstandard atrosphere the overpressure under
the flight track would be given by Eq. (5).

P 2t p 1/4
AP =K 4 a Eq. (
under fit. track T (pg).w‘ (pa)ud, K ApWhl!hl q \5)
vhere
l(T = Temperature correction factor
Pg = Ambient pressure at ground
0ﬁ3)4¢ = Ambient pressure at ground in standard atmosphere
Pa = Anmbient pressure at airplane tapeline altitude above
ground
(Pa),, = Ambient pressure at a.irplane ta.peline altitude above
ground in standard atmosphere
!(A = Atmospheric correction factor for standard atmosphere
(see Section IT.A.l, and Appendix I)
AP, i == Eq. (1) (See Section II.A.l)

For most routine calculations, the temperature correction
factor, KT, may be determined by the method outlined in Section II.B.l.
In some special cases, such as for Mach numbers less than 1.2, special
methods may be required in order to make estimates. However, these situ-
ations would fall into the special class of problems which are discussed
in Section III. Thus, use of the correction factors outlined in Eq. (5)
eiiminates the need to zenerate a number of K, curves (Fig. 2), to
allow estimation of the effect of normal atmospheric variations from
standard conditions.

(4) Winds - Variation in wind speed and direction (i.e.
wind shear) between the airplane and the ground will tend to distort the
ray path in much the same manner a- variations in temperature. In gen-
eral, headwinds cause the rays to bend up away from the ground, while
tailwinds cause them to bend down. Distortion of the ray paths will
cause some variation in sonic boom strength. This variation was investi-
gated by constructing a set of model wind profiles (Refs. 18-35) and
calculating the resulting overpressures on the ground. The wind models
were selected to be characteristic of:

e (Gradients in zonal and meridonal wind components
e High-speed jet streams near the tropopause
o Iow-level jet streams over the great plains

18




Each model was assumed to be omnidirectional, i.e. no lat-
eral shear. The wind models are summarized in Fig. 11 for each of the
above categories.

The effect of winds on the overpressures received at the
ground was studied by assuming that the wind velocities were aligned
parallel and perpendicular to the airplane flight path. In this manner,
the influence of headwinds, tailwinds and sidewinds were studied. The
orerpressures computed by the method of Refs. 6-8 under the flight track
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with wind were divided by the overpressures ih the same model atmosphere
with ro wind, to better indicate tbe influence of each profile. These
results are shown in Fig. 12 for the various assumed wind directions.
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This figure illustrates that the headwinds and tailwinds
exert the most powerful influence on the overpressure under the flight
patb for Mach numbers less than about 1.5. Sidewinds seem to have rela-
tively little inrluence on the sonic boom under the airplane regardless
of Mach number. The results for winds parallel to the flight track are
' similar to those obtained by varying the temperature profile (Section
II.B.1). For Mach numbers above 1.5, the effect of winds is relatively
small (of the order of +2 percent). In the Mach number range between
1.2 and 1.5 the wind components parallel to the flight path may have a
. significant effect. In some cases, especially at low Mach numbers, winds
may cause focusing of the sonic boom under or to the side of the flight
track. These situations represent a special set of cases which are con-
sidered in detail in Section III.B.

Care must be taken in estimating the influence of wind on
the boom under the flight track for Mach numbers less than about 1.3,
but for Mach 1.3 and moderate winds the effect may be estimated from a
cross plot of some of the data in Fig.  12. This is shown in Fig. 13
where the data at Mach 1.3 has been plotted against the sum of the speed
of sound ratio (ag/a,) and the relative wind component (U*/a,) parallel
to the flight path.
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The data from this figure may be used to estimate the in-
fluence of headwinds and tailwinds at Mach 1.3. Figure 12 data may be
used to estimate the effect over the remainder of the Mach number range,
for most routine calculations. In routine calculations, the effect of
sidewind components could probably be ignored since the most extreme
winds cause less than a 5 percent change in the overpressure under the
flight path at Mach 1.2, and less than 12 percent at higher Mach numbers.

(5) Lateral Distribution of Boom Strength — It was shown in Section II.A.2
that according to theory the lateral distribution of the sonic boom strength
varied inversely as the 3/h power of the distance from the airplane to any
point on the ground. The expression developed in that sectiom, Eq. (3),
was compared to data computed using the method of Refs. 6 turough 8 for each
of the nonstandard atmospheric models shown in Fig. 7. This comparison is
shown in Fig. 1l for severul Mach numbers. No wind shear is assumed.

The figure shows that the maximum deviation from the approx-
imate equation, Eq. (3), is about 8 percent for Mach 1.2. The majority
cf the computed points show very close agreement, especially at the Mach
numbers above 1.2, The results of this comparison would indicate that
Eq. (3) should yield a relatively good approximation for both standard
and nonstandard atmospheric models.

The presence of wind shears will also influence the lateral
distribution of the boom strength. In some cases the approximation
obtained by using Eq. (3) may not be sufficient and more complicated
methods must be used. The validity of the simple approximation was
checked in the standard atmosphere with the mean zonal and high-speed
Jet wind profiles (Fig. 11). The wind directions were taken individually
as tailwinds, headwinds, and sidewinds and the distribution of boom
strength under the airplane was computed for each case. The computed
results are compared to Eq. (3) in Fig. 15(a) for the mean zonal wind
profile and in Fig. 15(b) for the high-speed jet wind profile.

[

The figure shows that for the mean zonal wind profile (Fig.
15(a)), the agreement with Eq. (3) is quite good at all Mach numbers
above 1.2. 1In the case of high-speed jet profile (Fig. 15(b)) agreement
is not quite as good, especially at low Mach nusbers. From this compari-
son, it anpears that estimates computed using the approximate equation,
Eqe (3), are sufficient in cases of moderate winds (with maximum
wind speeds less than about 100 feet per second) at all Mach numbers,
and for high winds at Mach numbers greater than about 1.5. The
results at low Mach numbers for the high-speed jet profile illustrate
some of the special cases discussed in Section III.B. For instance, at
Mach 1.2 both the headwind and tailwind cause complete cut-off so that
no boom would be heard on the ground. However, as a sidewind the high-
speed jet would cause lateral focusing of{ the flight track (i.e. over-
pressures to the side of the flight track higher than those under it).

In the cases of high wind speeds in the vicinity of the airplane altitude,
extreme care must be exercised when estimating the boom strength and
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cases which are covered in more detail in Section III.B. Criteria are
established in that section so that these special situations may be
isolated and investigated separately if necessary. For ordinary meteor-
ological conditions the approximation established previously should be
sufficient in making routine estimates of the lateral distribution of
the boom strength on the ground.

I distribution on the ground. This situation represents a set of special

.

‘(6) Loteral Extent of Boom Strength - The lateral extent of the boom
strength to the side of the flight track in a still atmosphere is deter-
mined primarily by the temperature distribution between the airplane and
the ground, the flight altitude, and airplane Mach number. The location
of the lateral cut-off point does not necessarily define the location
beyond vwhich no noise will be heard as noted in Section II.A.3. It is
possible to theoretically determine the lateral extent of noise by in-
vestigating the equations describing the path of the shock front from
the airplane to the ground. These paths are commonly called ray paths
and their lateral extent is found by determining the location of the
last ray to reach the ground.

LA

Consider a general temperature profile such as that shown in
Fig. 16,where the temperature is assumed to vary linearly between signif-
icant levels.

The lateral location of the last ray to reach the ground for
this profile is given by (this equation is developed in Appendix IV):

- 1 amn.x 2 12 & afnu—-az 1./1 az _az 1/2
Ym_ t[l—(-ﬁ———a )] _[ 1 = n] _[a%x._n+1] (zn+1_ zh) Eq. (6)

apl n+1

In some cases the temperature between two levels is constant,
such as in the stratosphere of the standard atmosphere. Assuming this
occurs between levels z,, and z,, ., (i.e. a_= amH) the term in Eq. (6)
involving (zm H-Zm) becomes:

8m+1
Z —Z Eq.
(agu-a?,_n)x/z ( m+41 m) Z (7)

This 1s further illustrated in Appendix IV where Eq. (6)
is expanded for the standard atmosphere.

The assumptions involved in deviving Eq. (6) are that the
speed of sound varies linearly between levels, and that the shock front
travels at speeds nearly equal to the local speed of sound. The influ-
ence of these assumptions has been checked by comparing results computed
by the method of Refs. 6-8 with those camputed using the above equations.
A typical example of this camparison 1s shown in Fig. 17 for the model
temperature profile B-5 (Fig. T), at several Mach numbers and altitudes.
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The figure shows that the effect of the assumptions is not
very significant, as the results computed by both methods are quite close.

Variations in the temperature profile will cause variations
in the location-of the lateral cut-off. The extent of the lateral dis-
tribution of sonic boow strength was computed for each of the atmospheric
models shown in Fig. 7.

The variation in lateral extent is shown in Fig. 18 for the
two models which produced the widest deviations from the values in the
standard atmosphere. The extent in the stdandard atmosphere is shown for
reference.

The figure shows that, in the extreme cases, variations
from the standard atmosphere locations 5 to 10 miles may occur. In
general, temperatures lower than standard on the ground will increase
the lateral extent, Ymax, while ground temperatures higher than standard
will decrease Ymax.

Wind shears will also affect the location of lateral cut-off
offs The magnitude of the variation caused by moderate winds was
studied in the standard atmosphere with the mean zonal wind profile
(Fig. 1).). The value of Ymax was computed by the method of Refs. 6-8,
for a headwind, tailwind, and sidewind. For the purposes of comparison
these values were divided by the value of Ymax with no wind for the same
Mach number and altitude and are shown plotted in Fig. 19 against air-
plane Mach number.

The figure shows that for moderate winds the maximum varia-
tion occurs at Mach numbers near 1.2. For Mach numbers greater than
about 1.5 the variation is of the order of 5 percent. In general, tail-
winds and sidewinds (on the downwind side) increase the value of Ymax,
while headwinds and sidewinds (on the upwind side) decrease Ymaxe In
some cases 8trong winds may substantially increase the magnitude ot Ymax-.
The conditions required for this to occur are described more fully in
Section III.B.4. For purposes of routine calculation the influence of
moderate winds on the location of the lateral cut-off point might be
ignored or estimated from Fig. 19.

. (7) Routine Calculotions of Sonic Boom in General Atmosphere — The method for
calculating sonic boom distribution on the ground was outlined in Section
II.A.4, for the U.S. Standard Atmosphere, 1962, with no wind. A similar
procedure would be used in making routine estimates for a general at-
mosphere with wind. The following method should be used with extreme
care for Mach numbers between 1.0 and 1.3, especially in cases when
wind shears are to be considered. Criteria for meteorological conditions
vwhich may cause anomalies in the overpressure and distribution of the
sonic brom are developed in Section TII. These should be checked when
makiry calculations in the above Mach number range.
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Once the airplane geometry influence, I(Y, ,0), (see Eq. (1))
has been determined for each Mach number and altitude of interest the
calculation of sonic boom strength and distribution may proceed as follows:

(a) Calculate AP gy e track from Eq. (5) and Fig. 2
(or Appendix Figs. I-1, I-2, or I-3 for the ground located above O MSL)
for each altitude and Mach number

e The variation of the temperature correction factor, K , with Mach
" number may be estimated from Fig. 8, with the value &t Mach 1.2
1 estimated from Fig. 9.
e The variation of the correction for wind shears with Mach number may
be estimated from Fig. 12 with the value at Mach 1.3 taken from Fig. 13.

(b) Compute the lateral distribution of sonic boom strength
from Eq. (3) for each altitude and Mach number. (Caution must be exer-
b cised vhen estimating the lateral distribution for low Mach numbers and
] high winds, Fig. 15.)
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(c) Obtain the locatios of lateral cut-off from Eq. (6)
and Eq. (7) for each Mach number and altitude, and terminate the lateral
distribution at that point. (Effect of moderate winds on the latersl
cut-off location may be estimated from Fig. 19.)

The above procedure was generally illustrated in Fig. 6,
which may be referred to as a guide for rerforming routine calculetions

of the sonic boam intensity and distribution on the grourd in a nonstand-
ard atmosphere.

(C) SUMMARY OF RESULTS ~The effect of variations in temperature and pres-
sure on the sonic boom intensity and lateral distribution were established
in this section for the U. S. Standard Atmosphere, 1962. Variations in
these properties fram the standard conditions and the presencs of winds
were also investigated. Simplified methods for rredicting the influence
of these changes were developed. Further, these investigations indicated
that the effect of varying meteorological conditions for flight at Mach
numbers above 1.3 on the sonic boom intensity 1is generally no more than
15 percent from that generated in the still, standard atmosphere. Flight
at Mach numbers below 1.3 may result in more significant variations in
the overpressure,

30

R AR

NGt



BENF A NAICEAKEREAEF ETURE T EF: NS I WU FurUs i O

SECTION 1 A REVIEW OF CONDITIONS WHICH MAY CAUSE ANOMALOUS
PROPAGATION

VYarious meteorological conditicns may exist between the airplane and

the ground vhich will cause unusual influences ca the sonic boom intensity

and its lateral distribution at the ground. It is the purpose of this
section to discuss these conditions, their effect on the overpressure,
and vwhen possible, to present criteria for determining the conditions
necessary to produce the anamaly. The presence of the required condi-
tions may result in focusing (local intensification of the boam), com-
plete cut-off (no boom heard on the ground), extreme lateral spread
(boom heard at extremely large distances to the side of the flight tr..ck),
and distortion of the wave form due to interaction with turbulence.
Variations in temperature alone can cause focusing or cut-off, while
variations in both wind and temperature canu cause focusing, cut-off, or
extreme lateral spread. For purposes of simplicity it is convenient to
consider these in terms of temperature and wind produced anomalies. The
effects of low altitude turbulence, the shock wave history near cut-off,
and the effect of high altitude turbulence and shower clouds are also
discussed.

(A) TEMPERATURE PRODUCED ANOMALIES - The primary influence of tem-
perature variations in the atmosphere is to distort the ray path, which
describes the path of the shock front from the airplane to the ground.
Ir. some situations, the temperature variation can be such that the rays
are refracted so completely that the boom will not reach the ground.
This condition is known as "complete cut-off" of the sonic boom. On the
other hand the conditions mey be such that the boom will be focused (i.e.
locally intensified) at a point on the ground. Both of these phenomena
occur at very low Mach numbers where the speed of the airplane relative
to the ground 1s nearly equal to the local sound speed at the ground.

(1) Complete Cut-off - Investigation of the ray path equations (Egs.
II.1s) through (II.1f) in the Appendix) indicates that for conditions o*
no wind the sonic boom will be prevented from reaching the ground if the
velocity of the airplane relative to the ground 1s less than the maximum
speed of sound et any altitude between the airplane and the ground.
Stated in terms of the airplane Mach number, M < a.,/a, . The limi-

ting value of Mach number, M , 1s determined by putting this in the
form of an equality which 1s expressed in Eq. (8) below.

a

where Mior = -—““Laa Eq. (8)
Mm_m = Largest airplane Mach number at which complete cut-off
will occur.
A ax = Largest value of sound speed between the airplane and

the ground.

a = sound speed at the airplane.
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This relstionship alsc defines the meteorological conditions
required for no boom to reack the ground. It has been applied in Fig. 20
to several examples to i1llustrate the spplication to the standard ard
nonstandard atmospheres. The model atmospheres considered are illustrated
in Fig. 7. The figure shows that for altitudes above 36,000 feet, the
limiting Mach number lies generally between 1.1 and 1.2. No boom would
be heard on the ground for flights in a still atmosphere at Mach numbers
less than the M at the airplan~ esltitude.

cut-off

(2) Focusing on the Ground - Focusing or intensification of the sonic
boam civlressure will occur if a set of adjacent ray paths describing
the propag.ition of a portion of the shock front tend to come together.
This leads to cusping or folding over of the shock frcnt at a point where
the area between the adjacent rays (i.e. ray tube area) tends to go to
zero. This phenomena is discussed in more detail in Ref. 36. A general
expression for the variation of the aréa between the adjacent rays is
given in the Appendix (Eq. (II-6)). This expression has been investi-
gated to determine the meteorological conditions required for the ray
tube area to approach zero. It was found that if focusing takes place,
it can occur only at the location of a cut-off of the sonic boom (either
lateral or under the flight track). For a still atmosphere fccueing
can occur only under the airplane and takes place simmltaneously with the
camplete cut-off at that point. The Mach number at which focusing may
occur on the ground is given by Eq. (9) which i§ derived in Appendix V.

a

— g —
M, =3 ifendonlyif a =a (Eq. 9)

a = sgound speed at the ground
a = sound speed at airplane

a . = largest value of sound speed between the airplane and the
ground

If a temperature inversion exists near the ground such that
ag < a . . the boom cannot be focused at the ground because the cut-off,
if it exists, will occur at the top of the inversion. Thus, in an atmos-
phere such as B-5 (Fig. 7) the boom will not be focused at the ground,
regardless of Mach number. Referring to Fig. 20, t'.e M, 4 line shown
for the Standard Atmosphere, and model A-3 would also represent the

s line. The effect of approaching the Mach number at which focusing
may occur is shown in Fig. 21 where the variation in overpressure pro-
duced at a fixed altitude by varying the Mach number is shown for the
Standard Atmosphere and Model A-3. The data for these curves were com-
puted using the method of Refs. 6-8.

32

B

-

.-
: !.l't'u'l .ﬁ C‘.‘c"'r'; l' l‘:‘(".l ' . ": " J. ‘l "‘."‘f’ﬂ."l..‘l" n 0 l(l{\l#b‘;'l 'i."h: o .i i "' ,\“ ““'1 ‘ ‘ e d

» '.\-v

Iu-\.d\a-u‘u-\_.hluluau._l-lunul\.’»hh\.‘\‘u-uﬁqnu-\ N g i o lie bt falis




ANBMALEABABVEARAAANNUAER AN TEAAENONBRAESMNUNNREY F e XU FE NI FJH e OV TN PUWATEU WG (%)

100

e
] m mND .l‘

oD
(=]

|

2
2
=

™ NO BOOM HEARD ] )
= ON GROUND Ofi GROUND T iy

n

o
-

3

P
=3
X,

AIRPLANE ALTITUDE - 1000 FT
Ban

=1

N,
+ Meyr-oFF

0 L1111 il
1.0 L1 1.2 13 &
MACH NUMBER s

100 T 1 1171 B 100 ™ T .
5T—T ATM B-5 ATM A-3 — :

NO WIND NO WIND W

al

NO BOOM [ BOOM HEARD
[ ON GROUND 1~ON GROUND

L

'NOBOOM T ¥ BOOM HEARD ] o
ON GROUND E ON GROUND

&
.
: "
(]

60

60

40

AIRPLANE ALTITUDE - 1000 FT
AIRPLANE ALTITUDE ~ 1000 FT

20 20

4
ot MouT-oFF Mcur-oFF -‘
0 I | 0 Ld_ i

1.0 11 1.2 1.3 1.0 1.1 1.2 1.3 o
MACH NUMBER MACH NUMBER a
4

Fig. 20 Airplane Mach Number for Complete Cut—Off in Several Mode! Atmospheves.

33 )




RN T AT W U Ty T A MO T T E N RN N AU RS A RIS U L NAD AT UV Y TS Y VM S U TR VRS NS EUE MR A w
|

|

G

¥
W
s
J
:l
)
, IRNNREREERRE ;
0 1 STANDARD ATMOSPHERE !
NO WIND, ALTITUDE m 47,000 FT ,
vz |COMPLETE | : _ ;
2 [CuT-OFFy '1 !
i )
e5 20 ¥
—1"9 ;
T y
— N
al » aN i
A= 1 ¥
q g
_d l
:
0 ) 3
0 115 120 1.5 b
o
MACH NUMBER 3
. 4
d
b
20 0 e .
AT 11 1 ATMA-3, NO WIND l
x COMPLETE CUT-OFF, 14 T ALTITUDE = 47,000 FT ::
&E N , :
25 20 = b e
e -\ .
3 e :
% " et Q
n.s ;.J A i
G 10 .
e T |
| :
0 - ni 1 1
0 115 1.20 1.25 A
MACH NUMBER 3

Fig. 21 Effect of Approaching MEocys on Sonic Boom.

e ]

The figure shows thwt the boom magnitude may substantielly
increase as the cut-off Mach number is approached, However, two factors
should be noted in considering these results. First, except for continued
flight at this Mach number the rCocusing occurs at only one point on the
ground under the flight track and thus would affect only a very small
area. Second, and perhaps more important, is the interpretation of these
results, At the present time, a factor is applied to all sonic boom
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estimates to account for the reflection of the oblique shock wave from h
the ground. This factor, K, , (Eq. (1)) is usually taken as approxi- 3
mately 2.0. However, at cut-off the shock front is normal to the ground W
and there is no reflected wave from the ground. The value of Kg 1is ¥
not clearly defined under these circumstances. This aspect of the pro- g
"
\
(
0

blem is considered in more detail in Section III.D.1l but, to sumnarize
here, the conclusion is that Ky must vary between epproximat.:ly 2.0 for

the oblique shock wave to approximately 1.0 for the normal wave at cut-

off. In this respect the overpressure experienced at the ground near an J
atmospheric focus may be only slightly larger than that predicted for
Mach numbers higher,than that required for focusing, where Kp= 2.0. As
will be shown in the following sections, the seme argument would hold for N
wind induced focusing as this too occurs only at a cut-off where the J
shock front is normal to the ground. ty

In meking routine calculations, Eqs. (8) and (9) should be Y
checked to determine the Mach number at which cut-off or focusing may
occur. If an inversion exists near the ground Eq. (9) mey be ignored.
When the Mach number of interest lies very close to Mach number required
for focusing, (the proximity may be estimated from Fig. 21) the approxi-
mate methods nutlined in Section II may not be sufficient to adequately
determine the boom strength on the ground. If an estimate is required
for these Mach n.mbers more sophisticated methods, such as those detailed
in Refs. 6-8, must be applied.

-~

-

(B) WIND PRODUCED ANOMALIES - Wind shears between the airplane and
the ground will distort the shock front as it travels through the atmos-
vhere. In some situations these shears may either prevent the boom from
reaching the ground or significantly increase the boom lateral extent.

In others they may intensify or focus the boom locally. The meteorologi
cal conditions necessary to produce these phenomena are presented in this
section. These results should be used in conjunction with routine esti-
mates to isolate those situations where unusual propagation may occur.

It may be noted that with the exception of large increases in location of
lateral cut-off, wind produced anomalies are generally confined to the
low Mach number flight regime. At higher Mach numbers (usually above
1.3) the wind shears required to produce the unusual effects are too
large to be realistic.

-

*x .M wn_ e

(1) Complete Cut~off ~ Investigation of the ray propagation equa- '
tions, (Appendix Equations (II-la) through (II-1f)) indicates that for an i
atmosphere with wind, no boom will reach the ground if the ray directly .
under the airplane is refracted. Experimental evidence of complete cut-
off has been noted in Ref. 4 for very low Mach numbers (near 1.2). In
the simplest case, this requires that the airplane speed relative to the ;
ground be less than the speed of sound at the ground. The maximum Mach t

number at which cut-off would occur is given by Eq. (10) below. ¢
(a+u) -U, )
Mcut~ot‘t‘ I 2‘8"’( Eq. (10) )
a 1
1
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where
M = Jlargest airplane Mach number at which complete cut-off
cut-off

will occur

a = gound speed at some level between the airplane and the
ground

U = tailwind speed component at the same level as selected
for a.(U is negative if it is a headwind component)

U. = tailwind component at airplane (U. is negative if it
is a headwind component)

a = sour. speed at airplane

(a+U) = largest value of sound speed and wind component speed

ma

2 which occurs between the airplane and the ground

The calculation of M o 18 considerasbly simplified if
the combired sound speed and wind speed for the atmospheric model being
considered is plotted against altitude from the ground. This step aids
in selection of the maximum value of (a+U) tiet lies between the air-
plane and the ground.

Several examples of M ..o bhave been calculated using the
atmospheric models from Fig. 7 and the wind models from Fig. 11l. These
results are shown in Fig. 22 for both headwind and tailwind. The' cut-off
Mach number with no wind is shown for reference.

The figure shows that, in general, headwind components in-
crease the cut-off Mach number above that for the no wind case, while
tailwind components decrease the cut-off Mach number. However, in the
case of very high speed winds, the tailwind components may increase
the :ut-off Mach number for altitudes above the maximum wind speed. This
is illustrated in the case of the high-speed jet. It should also be
noted that the altitude at which complete cut-off occurs is indicated by
M at-ot = 1.0. In the case of the high-speed jet tailwind in the Stand-
ard Atmosphere for flight at altitudes above 28,000 feet, the cut-off
would occur at about or above 28,000 feet.

(2) Focusing Under the Flight Track - Under some conditions, winds may
cause focusing of the sonic boom under the flight track. The mechanism
is similar to that described in Section III.A.2. It has been found, up-
on investigation of the ray tube area expression, {Appendix Eq.(II-6))
that focusing under the flight track and complete cut-off must occur
simultaneously. The boom at the ground may be intensified if the cut-off
occurs at the ground. The Mach number at which focusing may occur on the
ground under the flight track, in the presence of wind, is given by Eq.
(11) vwhich is developed in Appendix V.
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(a'i-U)8 -U,
M = if and only if (a + U)_=/(a <+ U) Eq. (11)
aa g max
where
N = Mach number at which focusing on the ground may occur
(a +U)8 = sum of sound speed and tailwind component at the ground
(U is negative if it is a headwind component)
U = tailwind component at the airplane (U is negative if it
a a
is a headwind component)
a = sound speed at the airplane

If the quantity (a+U) 1s not largest at the ground, cut-
off and possible focusing will occur at the level where this quantity
has its greatest value. This is similar to the effect of an inversion in
the stlll atmosphere. Referring to Fig. 22, the Mach cut~off lines for
the headwind and tailwind would also represent the Mgy, lines. An
interesting example of cut-off above the ground with no focusing possible
at the ground is illustrated quite vividly in the case of the Standard
Atmosphere and the high-speed jet tailwind profile. For airplanes flying
above 28,000 feet at Mach numbers near Mp,.,, the cut-off would occur
at 28,000 feet, thus precluding the possibility of focusing at the ground.

The effect of wind on the overpressure under the airplane
was investigated by the method of Refs. 6-8,in the Standard Atmosphere
for winds increasing linearly from zero at the ground to the maximum
value at the airplane. The wind magnitude at the airplane was increased
until cut~off and focusing at the ground were achieved. These results
are shown in Fig. 23 where the overpressure with wind has been divided
by that obtained without wind for the airplane at a fixed Mach number
and altitude.

The figure shows that the focusing effect occurs at wind
speeds very near those required to produce complete cut-off. The local
intensification may not be as high as it appears at first sight because
of the possible variation in ground reflection factor Ky with shock wave
angle. This consideration is discussed more fully in Section III.D.l.

Another interesting consideration is that wind induced fo-
cusing can occur only at the very low Mach numbers. This may be seen if
Eq. (11) is rearranged so that the wind required for cut-off and focusing
at the ground may be calculated as a function of the airplane Mach num-

ber. An especially simple example may be found in the Standard Atmos-

phere with a wind varying linearly from zero at the ground to a maximum
at the airplane and by assuming that the airplane is above 36,000 feet.
The wind required for cut-off dnd focusing has been determined for this
case and is shown plotted in Fig. 2k,
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The figure shows that the headwind speeds at the alrplane
required to produce cut-off and focusing are in excess of 200 feet per
second for Mach numbers above 1.3. Wind velocitles in the atmosphere
rarely exceed this value at altitudes above 40,000 feet, where airplanes
such as a large supersonic transport would fly at these Mach numbers. At
higher Mech numbers the wind velocity required for cut-off and focusing
would be larger than any which could physically exist in the atmosphere.

(3)  Focusing to the Side of the Flight Track - As in the case of focusing
under the flight treck, intensification of the boom to the side of the
flight track may occur simultaneously with the lateral cut-off. Investi-
gation of the ray tube area expression in the Appendix (Eq.(II-6)) leads to
an expression of the wind required to produce these phenomena. The ex-
pression for the required wind conditions i1s derived in Appendix VI of
this report. The result has been applied to several examples vhich are
presented in Fig, 25,
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The required wind speed components are measured relative
to those on the ground. For example, the sidewind speed, V*,'would be
the absolute value of the algebraic difference of the sidewind speed at
the ground and that at the airplane, i.e. |[Vg -V, |. Wind is a vector
quantity so that the direction must be accounted for by the sign of the
number. The following directions were defined in developing the above
curves:

Winds in the direction of the flight path are positive (i.e. tailwinds).

Winds in the opposite direction of the flight path are negative (i.e.
headwinds ).
Winds coming from the right side normal to the flight path are positive.

Winds coming from the left side normal to the fligh* path are negative.

The figure indicates the wind components required to cause
off-track focusing at several Mach numbers. It is evident that this
phenonenon is restricted to the very low Mach numbers because of the

) magnitudes of the wind speeds required at the higher Mach numbers.

To indicate the proximity to the required value of wind
vhich may cause an unusual effect, several cases have been computed in
the Standard Atmosphere. The sonic boom strength at the lateral cut-off
point was computed by the method of kefs. 6-8 for various wind speeds
and directions. These results were then divided by the boom strength
under the flight track for no wind in order to better illustrate the var-
iation. The effect of winds on the boom strength at the lateral cut-off
point is shown in Fig. 26.

The figure shows that in some circumstances and at very low
Mach numbers the overpressure to the side of the flight track may exceed
that under the flight track. The same phenomenon may also be seen in
Fig. 15 for the standard atmosphere with the high speed jJet sidewind pro-
file for Mach 1.2. Here again, the variation of K, the reflection fac-
tor, with shock angle must be considered as the focusing effect occurs
simultaneously with cut-off where the shock is nearly normal to the ground.
This is discussed in more detail in Section III.D.l.

A better indication of the range of wind speeds which are
required to piroduce significant off-track focusing may be obtained by
a cross-plot of the data in Fig. 26 for Mach 1.2 on the plot of Fig. 25.
The winds which will produce overpressures at the lateral cut-off po-
sition equal to these normally produced under' the flight'track without
wind were picked to form the boundary. Thus, the wind range which will
produce this effect is shown as the cross hatched area in Fig. 27.
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For Mach numbers greater than 1.3, the relative wind speeds
required to produce the off-track focusing become very large. This is
illustrated when comparing the computed data for Mach 1.2 and Mach 1.3
in Fig. 15 for the high speed jet sidewind. The data at Mach 1.3 shows
that the influence of the high speed winds is practically negligible.

For most practical cases of transonic flight (Mach numbers near 1.0) at
high altitudes (above 40,000 feet) the winds at the airplane would not

be of sufficient magnitude to produce the off-track focusing effect. Thus,
the primary consideration would be one of focusing under the flight track
at or near the cut-off Mach number. The probability of occurrence of

the focusing phenomenon either under or to the side of the flight track

; is considered in more detail in Section V.,
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